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Abstract
In this paper we study the mechanism of jet noise production in coaxial flows. We shall present
various experimental results for isothermal and heated coplanar jet flows of four area ratios (0.81,
2, 3, and 4), operating at different velocity ratios, ranging from 0.60 up to 1.26. A polar array
technique has been used to find the axial distribution of the jet sources. In order to better under-
stand the behavior of the experimental results, some computational fluid dynamics simulations are
performed, and a basic theoretical model based on Lighthill’s Acoustic Analogy is also developed.
It is shown that some significant changes occur to the flow structure and therefore the jet noise
source distribution at velocity ratio of about 0.8, and also for the nozzles with area ratio of 2 to
4. It has also been shown that the most important high and low frequency sources for low velocity
ratio flows are aggregated in a region about seven to ten secondary diameters downstream, while at
higher velocity ratios sources are continuously spread from about one up to ten secondary diameters
downstream. The effect of the primary flow temperature is also examined.
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1 Introduction
The problem of dual stream flows is of great theoretical and practical importance in aerospace sciences
and therefore their noise assessments lay among the central aircraft noise prediction tasks. However,
despite various semi-empirical methods [1, 2, 3], and theoretical models [4, 5, 6] suggested so far, it
has still remained a difficult problem. The difficulties in dealing with the dual-stream jet flows in
comparison with the single-stream jets, in general, are two-folds: those associated with the structure
of the coaxial jets, which is quite different from the single flow jets, and those attributed to the
additional variables, such as the area ratio (AR), velocity ratio (AR), and temperature ratio (TR)
between the two streams. Although there are some purely empirical/semi-empirical methods available
for the prediction of noise from single flow jets at different operating conditions [7, 8], obtaining a
similar method for coaxial jets is quite a difficult task since the interpolation must be performed over a
multi-dimensional matrix due to the additional parameters. Despite these difficulties, there are some
coaxial noise prediction codes available based on the interpolation of the available databases [2, 3].
A list of old semi-empirical models and their noise databases can be found in Ref. [2], but the most
recent model is perhaps the four-source model, developed by Fisher et al. [1, 9]. This method is based
on the assumption that four distinct regions can be identified in coaxial jets which exhibit similarity
relationships that are identical to those observed in simple single stream jets. Based on this method,
the total noise can be found from the incoherent summation of the noise level produced by each region
(i.e. single stream jets with the appropriate characteristic velocity and size). In other words, we are
now able to use the existing experimental database of single flow jets for finding the noise from coaxial
jets.
An alterative approach to the semi-empirical models, which has been extensively used recently, is
the RANS based method. The simplest model is probably that of Lighthill’s Acoustic Analogy [10].
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A more advanced model was introduced when the method of convected quadruple embedded in a
parallel slug flow used by Balsa [11] was further developed and used by NASA, which is now known
as the MGBK method [12]. To use this method a knowledge of mean and turbulence quantities of
the flow is required, which can readily be obtained using a RANS turbulence model (such as k − ǫ).
The MGBK method has been used several times for noise prediction of various types of jets, such as
single flow [13, 14, 15], coaxial [4], chevron [16, 17], and rectangular [18]. Tam and Auriault have
also introduced a new model for the prediction of noise from turbulent jet flows [6]. The method is
based on the assumption that the subsonic jet noise is formed by two contributors: namely fine-scales
and large-scales. The method has been used for different types of nozzles, at different operating
conditions, see for instance Refs. [19, 20, 21]. The method has also been used by Tam et al. to assess
the distribution of sources for a supersonic single-stream jet [22, 23]. This is perhaps the only attempt
to mathematically model the jet noise source distribution problem.
As briefly reviewed above, the problem of noise radiation form dual-stream jets has been the subject
of various experimental and theoretical studies. However, these studies have never been extended to
the jet noise source distribution. Therefore, the principal objective of the current work is to gain
sufficient physical understanding of noise production mechanism in coplanar jet flows by comparing
various experimental results, such as noise spectra, and source distribution images. We shall also try
to develop an engineering tool for prediction of the distribution of jet noise sources. We shall make
use of the Lighthill’s Acoustic Analogy and CFD results for this purpose. Up to 20 isothermal and
heated jets have been considered in this paper. This collection consists of four types of area ratios
(AR = 0.8, 2, 3, and 4), and various velocity ratios ranging from 0.60 to 1.26.
The layout of the paper is as follows. In section 2 we shall first present some general information
about the experimental test carried out during the course of this research work. Then, noise radiation
from various types of coplanar nozzles working at different conditions are studied in subsection 2.1.
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Figure 1: QinetiQ’s Jet Noise Facility set up for the COJEN tests programme.
The distribution of noise sources will then be examined in subsection 2.2. The RANS-CFD results
and discussions are presented in section 3. Mathematical modeling of the jet noise source distribution,
based on Lighthill’s Acoustic Analogy, is presented in section 4. The distribution of noise sources in
both axial and radial directions are studied in this section. Finally, section 5 concludes the paper and
provides some suggestions for future studies.
2 Experimental Setup; Results and Discussions
The jet noise pressure level and noise source distribution results presented in this paper are obtained
from experiments carried out under two research programmes: (1) An EPSRC funded contract to
develop a method for predicting the acoustic loads on aircraft structures created by the coaxial jets
exhausts; and (2) a European Union 6th Research Framework programme (CoJeN) to advance the
understanding of coaxial jet noise. Tests were made during March 2001 (EPSRC) and October 2005
(CoJeN). These measurements were performed at QinetiQ’s Jet Noise Facility in Farnborough (UK).
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Nozzle Primary Diameter, Dp Secondary Diameter Ds
EPSRC Coaxial Coplanar β = 0.8 43.00mm 58.30mm
EPSRC Coaxial Coplanar β = 2.0 33.30mm 58.30mm
EPSRC Coaxial Coplanar β = 4.0 33.30mm 75.00mm
CoJeN Coaxial Coplanar β = 3.0 100.00mm 200.00mm
Table 1: Test nozzles.
This large facility (Fig. 1) is able to generate model-scale cold and hot jets in an anechoic environment.
Table 1 describes the nozzle dimensions used in these two tests.
Regarding the jet noise source distribution problem, both programmes required the undertaking of a
systematic set of single stream and coaxial jet source location measurements using the polar correlation
technique. Further details about the microphone array design, data acquisition system, and the
mathematical modeling of the polar correlation technique can be found in Refs. [24, 25, 26].
2.1 Measured sound pressure level comparisons
The far-field measured data at 90o to the jet axis at various velocity ratios (V R = 0.63, 0.79, 1.26)
and area ratios (AR = 0.80, 2.0, and 4.0) are presented in Fig. 2. The primary stream velocity is
always Vp = 212m/s. The microphones array is located about R = 12.83m away from the jet exit.
Since different sizes of nozzles have been used in this study, the final SPL is corrected by subtracting
the distance effect (10log(D2s/R
2)).
By studying figure 2 the following inferences can be made. The peak frequency increases with velocity
ratio and area ratio, but the effect of the velocity ratio prevails in almost all of the cases. This means
by varying the velocity ratio, the structure of the source regions will change. One can also observe
that the noise radiated from the AR = 0.8 and AR = 2.0 nozzles are very close. A real difference
can be seen when the AR = 4 nozzle is used. Results show that the AR = 4 nozzle produces the
lowest level of noise at low velocity ratios, while this will be opposite at high velocity ratios. All the
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Figure 2: A comparison of measured spectra at 90o degrees, for three velocity ratios (V R = 0.63,
0.79, 1.26), and three area ratios (AR = 0.80, 2, 4); Vp = 212m/s
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Figure 3: A comparison of measured overall sound pressure levels for three velocity ratios (V R = 0.63,
0.79, and 1.26), and three area ratios (AR = 0.80, 2, and 4); Vp = 212m/s
curves collapse quite closely onto one curve at about V R = 0.79. This may be interpreted to be a
critical velocity ratio. We shall explain this issue more in detail in the following sections. It can also
be observed from the figure that the noise radiated from the large area ratio nozzles is more sensitive
to velocity ratio than the other nozzles. So, one may also suggest that the range 2 < AR < 4 can also
be viewed as a range in which a significant change happens to the structure of the flow, and therefore
the jet noise source distribution.
The overall sound pressure level results are also presented here, see Fig. 3. Results are corrected in
the same way as previously mentioned. It can be seen that the curves peak at about 50o degrees from
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the jet downstream, and the peak angle is a very weak function of the velocity and area ratio. Again,
one can observe that the results obtained from AR = 0.8 and AR = 2.0 nozzles are very similar,
whereas the AR = 4 nozzle produces the lowest level of noise. The noise level difference between the
AR = 4 and those of AR = 0.8 and AR = 2 decreases as the velocity ratio increases.
It has been well understood from the previous studies that the two most important noise source con-
tributors operating in the jet flows, are the secondary shear flow (i.e. the first five diameters; generally
responsible for the high frequency noise), and the mixing region further downstream (i.e. end of the
potential core; low frequency noise). Furthermore, it can be easily shown using the experimental or
CFD results that the mean flow and turbulent characteristics of coplanar flows are strongly dependent
on the choice of velocity and area ratio. In spite of the fact that the SPL comparisons can somehow
show the changes in the structure of noise source regions, for better understanding of this mechanism
we require some more advanced tools. In the next sections we shall study the experimental jet noise
source distribution and CFD results. We also make use of Lighthill’s Acoustic Analogy to develop a
reliable and fast tool for the prediction of jet noise source distribution. In what follows, we attempt
to address the following two questions: (a) How does the source distribution change by varying the
velocity ratio and area ratio? and (b) How does the source strength change from each region?
2.2 Measured Jet Noise Source Distribution
This section is concerned with measured noise source distributions. Results are presented for two area
ratios (AR = 2, and 4) and various primary and secondary velocities and temperatures. The one-third
octave averaged jet noise images were calculated using the polar correlation technique referenced to
the 90◦ microphone (frequency range was set at 20Hz−20kHz). The images are free of spatial aliasing
with good resolution and signal to noise ratio, and are presented as isolines with the same relative
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Figure 4: Jet noise source distribution, AR=4, VR=0.6, Vs = 170m/s
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Figure 5: Jet noise source distribution, AR=4, VR=0.8, Vs = 170m/s
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Figure 6: Jet noise source distribution, AR=4, VR=1.0, Vs = 170m/s
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Figure 7: Single stream jet noise image. Vjet = 300m/s, Tjet = 300k.
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Figure 8: Jet noise source distribution, AR=4, VR=0.8, Vs = 245m/s
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Figure 9: Jet noise source distribution, AR=4, VR=1.0, Vs = 245m/s
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Figure 10: Jet noise source distribution, AR=2, VR=0.8, Vs = 245m/s
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Figure 11: Jet noise source distribution, AR=2, VR=1.0, Vs = 245m/s
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decibel scale and spatial origin at the coaxial-coplanar nozzle’s tip (depicted as a vertical white line).
The 0dB reference level is the same for all images.
The source distribution prediction along the jet axis, y, at different frequencies for various velocity
ratios (V R = 0.6, 0.8, and 1.0) and area ratios (AR = 2, and 4) are presented in figures 4 through 11.
Concerning the AR = 4 case, one can find that in low velocity ratios (V R = 0.6), two distinct regions
of sources exist, one mainly for the high frequency sources aggregated in the region of 1 < y/Ds < 3
(i.e. inside the secondary shear layer), and the other responsible for the low frequency sources in the
region of 8 < y/Ds < 10 (i.e. beyond the potential core) , see figure 4. The very high frequency
region near the nozzle’s tip in figure 4 is believed to be due to either the reflection of sound waves
from the nozzle or the flow instabilities as a result of interactions of the flow with the nozzle’s body.
It can also be deduced from figures 4-6 that increasing the velocity ratio has the effect of shifting
the energy from the downstream high frequency sources to those in the jet upstream region (inside
the secondary shear flow). Furthermore, as the velocity ratio increases the source distribution tends
to behave more or less like a single flow jet, that is the frequency of the radiated noise is inversely
proportional to the shear layer width. In other word, sources are now smoothly spread from 1Ds
to about 10Ds downstream, see figures 5 and 6. This also means that the region of 4 < y/Ds < 6
which was not contributing in the lower velocity ratios, is now responsible for the noise production
at intermediate frequencies. Figure 7 shows a single stream jet noise image for comparison. It is
worth mentioning here that the jet source distribution for a single flow isothermal jet (and probably
the high velocity ratio coplanar jets) can be predicted by ys = (0.057St + 0.021St
2)−1/2DJ , with
St = fDJ/UJ being Strouhal number [27]. According to this estimation, sources of 0.1 < St < 10
are spread continuously over the first 12 diameters (Ds for the coplanar case) from the jet exit, while
their frequency is inversely proportional to the shear layer width (or distance from the jet exit).
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Changes in the primary and secondary flow velocities at a fixed velocity ratio can also alter the source
distribution. It has been shown before that by increasing the eﬄux velocity the potential core length
increases. For instance, the potential core length for an unheated single flow jet can be found from
Lc = 6.25(1 − 0.16Mj)
−1DJ [3]. This leads to a slightly longer potential core and therefore a larger
interaction surface between the secondary shear flow and the ambient medium. This lessens the effect
of the downstream high and intermediate frequency sources. Comparison of figures 5 and 6 with
figures 8 and 9 reveals that in the higher speed coplanar jets the source region is more compact and
the source distribution is more similar to that of an equivalent single flow jet.
As discussed earlier in section 2.1 the choice of the area ratio has a significant effect on the structure of
the flow. Two area ratios are considered here, AR = 2, and AR = 4. The most obvious consequence of
using a larger secondary nozzle is a longer secondary potential core. This will lead to more interactions
between the secondary shear layer and the ambient flow, and this, as mentioned earlier, increases the
turbulence intensity in that region and eventually overshadows the significance of the downstream
source region (mixing region). This effect is more pronounced at the low velocity ratio (V R = 0.8).
It can be seen that in the AR=4 VR=0.8 case, (figure 8) most of the powerful sources are from the
secondary shear layer (1 < y/Ds < 7), while in the AR=2, VR=0.8 case, the source region is divided
into two entirely separated regions (i.e. secondary shear layer and mixing region), see figure 10.
The effect of temperature on the jet noise source distribution is also of great importance since most of
the commercial engines work at high core temperatures. Figures 12, and 13 show the source images
for a AR = 4, V R = 0.6 jet, operating at two core temperatures (Tp = 600 K, and 900 K). Results
show that the downstream source region becomes more compact and moves upstream as temperature
increases. It can also be observed that the contribution of the high frequency sources in the secondary
shear layer increases by heating the primary flow. Figure 14 illustrates the source image for a AR = 4,
V R = 1.0 jet, at TJ = 600 K. Comparison of this case with an equivalent unheated case (Fig. 6) shows
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Figure 12: Jet noise source distribution, AR=4, VR=0.6, Vs = 170m/s, TJ = 600 K
−40−40
−35
−35
−35−35−35
−35
−30
−30
−30
−30
−30−30
−25
−25
−25
−25
−25−25 −20−20
−20
−20
−20
−20
−15
−15
−15
−15
−15
−15
−15
−10
−10
−10
−10
−10
−10
−10
−10
−5
−5
−5
y/D
s
Fr
eq
ue
nc
y 
[k
Hz
]
0 2 4 6 8 10 12 14
2
4
6
8
10
12
14
16
18
20
Figure 13: Jet noise source distribution, AR=4, VR=0.6, Vs = 170m/s, TJ = 900 K
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Figure 14: Jet noise source distribution, AR=4, VR=1.0, Vs = 170m/s, TJ = 600 K
that a new small source region has appeared in the jet downstream and that the curves are no longer
as smooth as it used to be. This suggests that some new sources (associated with temperature/density
variations), now exist and contribute to the noise production mechanism. Additionally, comparisons
show that the most important effect of temperature is on the downstream noise source region.
3 Computational fluid dynamics
Although the experimental results are of great value and importance, they are quite expensive and
cannot be used as a fast and robust engineering tool for industrial purposes. As mentioned in section
1, the RANS based jet noise prediction methods are becoming industrially more widely used. The
first step in such methods is the RANS-CFD turbulence modeling, as the name of the method implies.
In this section we shall provide results from some of the CFD simulations.
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Four dual-stream isothermal jets with different area ratios (AR = 0.8, 2, 3, and 4) operating at two
velocity ratios (V R = 0.63, 0.79) are considered in this CFD study. A Reynolds Averaged Navier
Stokes (RANS) scheme using a simple k−ǫ turbulence model was used to find the mean and turbulence
quantities. The primary and the secondary diameters of the nozzles can be found from Table 2. The
following coefficients are chosen in our k − ǫ model:
C1ε = 1.44, C2ε = 1.83, Cµ = 0.09 (1)
In this model C2ε is changed from the default value of 1.92 to 1.83. This change has been shown to
provide better spreading rate as well as a better self-similarity agreement in the fully developed range.
Figure 15 compares the turbulent kinetic energy contours of a AR = 4 coplanar flow at two velocity
ratios, V R = 0.63 and 0.79 flows. One can deduce from the images that the turbulent kinetic variation
for a V R = 0.79 is continuous, starting from the jet secondary tip to 14Ds downstream, whereas in
the V R = 0.63 case, the high intensity source region is separated from the rest of the flow and is
confined to a region of 7Ds to 13Ds.
Results presented in Fig. 16 are the turbulent kinetic energy (TKE) variation along the secondary
lip-line (r = Ds/2) for four different area ratios (AR = 0.83, 2, 3, and 4) operating at two velocity
ratios (V R = 0.63, and 0.79). Each curve is normalized to unity. The main observations from the
figure are threefold: (1) peak location, (2) sharpness of the peak, and (3) ratio of the TKE value
within the first five diameters (inside the secondary shear layer) to that further downstream (around
the end of the potential core). Regarding the peak location, results show that the TKE peaks at
about seven to ten diameters downstream. By increasing the area ratio the peak moves downstream.
The second issue (i.e. the peak sharpness), can also be of some interests, since it can provide some
information about the compactness of the source regions as the operating conditions change. Results
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Figure 15: Turbulent kinetic energy distribution inside a coplanar jet flow (m2.sec−2), AR = 4
show that the peak sharpness increases with area ratio and velocity ratio. Finally, the importance
of the third issue is that it can show the significance of the sources in the secondary shear flow to
those further downstream (about 7 to 10 diameters), particularly the high frequency sources. One
can see from the figure that by increasing the velocity ratio the TKE ratio increases significantly. The
increase in area ratio also gently increases the strength of the sources in the secondary shear flow.
As mentioned above, in spite of the fact that the region of high intensity sources can be found from the
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Figure 16: Normalized turbulent kinetic energy at different operating conditions
raw CFD results, since no frequency information has been provided, no objective conclusion about the
noise spectrum can be drawn. For instance, it is not possible to understand whether the downstream
sources dominate the high frequency part of the spectrum or those in the upstream region. A way
out is using a basic model based on Lighthill’s Acoustic Analogy.
4 Mathematical Modeling of Jet Noise Source Distribution
In this section Lighthill’s Acoustic Analogy is used as a more systematic model for understanding the
jet noise distribution problem. This model makes use of the CFD-turbulence results as an input for
the source modeling. The basis is quite similar to the sound intensity calculation: taking the overall
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intensity as an integral over the axial extent of the jet,
I(R, ω) =
∫
Iy(R, y, ω)dy, (2)
where Iy(ω) defines the axial source distribution at each frequency. Since we are only interested in
axisymmetric jets and the source distribution from the standpoint of the ninety degrees observer, the
following relation can readily be found from Lighthill’s equation [28],
Iy(R, y, ω) ∝
∫
u4sl
3
sω
−1
s ω
4e−(
ω
2ωs
)2rdr (3)
where the subscript “s” denotes the value of the parameter at the source location, and
ωs =
2π
τ0
, ls = cl
k3/2
ε
, us ∝ k
1/2. (4)
with
τ0 = cτ
k
ε
(
Λ
l∗s
)
. (5)
The eddy size Λ can be estimated using either the shear layer thickness [29], or a frequency dependent
length scale model [30, 31] (these two are however equivalent). In this comparison the latter model is
used, as
Λ(ω) = clDs
1− e−csSt.L/Ds
St
, (6)
where l∗s is the turbulence length scale, equation (4) (with cl = 1), cs is a factor which determines
the transition between the low and high frequency behaviors of the spectrum [31]. It should be noted
here that comparing results at each frequency due to the low resolution of experimental data at high
frequencies is not going to be useful. So, we rather use an averaging approach, by which an integral
over the whole range of frequency will be performed (i.e. total noise source strength per unit length
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of jet), both for the theoretical results and experimental data. This will give us a robust prediction
tool for comparison with experimental data. Thus,
Iy(R, y) ∝
∞∫
0
∞∫
r=0
u4sl
3
sω
−1
s ω
4e−(
ω
2ωs
)2rdrdω. (7)
Simulations are performed for a AR=4 jet, at three velocity ratios, V R = 0.6, 0.8, and 1.0. Results
are presented in figure 17. The curves are all normalized to unity. By studying the figure the following
inferences can be made: (1) The axial source distribution of a V R = 1, and 0.8 jet peaks at about
2Ds, while that for a V R = 0.6 jet occurs at 10Ds downstream. (2) The downstream source region
starts to dominate as the velocity ratio decreases. This means that the high frequency sources in the
mixing region prevails over the effect of the sources in the secondary shear layer region. As mentioned
earlier, a sharp peak in the experimental data can be observed in the close vicinity of the nozzle which
is believed to be as a result of either the flow instability near the nozzle exit or the reflection of sound
by the nozzle solid body.
It can also be well understood from the figure that the appearance of the downstream source region
is very sensitive to velocity ratio. The reason of the overestimation for the V R = 0.8 case in the jet
downstream region (around 10Ds) is also believed to be because of the high sensitivity of the method
to the exact value of the velocity ratio used in the experiment. It can also be seen from the figure that
the secondary hump generally appears when V R ≈ 0.8. This again confirms our earlier discussions
in sections 2.1 and 2.2 that the structure of the coplanar flows experience a dramatic change when it
passed over V R ≈ 0.8. Finally, it can be concluded from the comparisons that the theoretical results
are in a very good level of agreement with the experimental data. So, this simple method can be used
as a fast and reliable tool for the prediction of jet noise source distribution.
In a very similar fashion, one can also model the radial distribution of the sources, Ir (i.e. I(R, ω) =
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Figure 17: Axial jet noise source distribution for different velocity ratios; AR = 4
∫
Ir(R, r, ω)dr). Figure 18 compares the averaged source distribution in the radial direction for three
different velocity ratios, V R = 0.6, 0.8, and 1.0. The most important observation is that all the curves
peak at around the secondary lip-line, r = Ds/2. Another important issue is the contribution of the
sources in the jet downstream region near the jet axis in the low velocity ratio flows . By recalling
figure 4 we can infer that the low and high frequency source region is now extended further towards
the jet axis. To the best knowledge of the authors this issue has never been pointed out elsewhere.
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Figure 18: Radial jet noise source distribution for different velocity ratios; AR = 4
5 Conclusion
The jet noise source distribution problem for coplanar nozzles was considered in this paper. Vari-
ous velocity/area/temperature ratios have been considered. Experimental results are accompanied
by some CFD results and theoretical predictions for better understanding of the noise production
mechanism. It was shown that the source distribution for coplanar flows with velocity ratio about
unity behaves very similar to an equivalent single-flow jet. Furthermore, it could be observed that
for lower velocity ratio flows, about 0.8, two distinct source regions contribute to the far-field noise,
one near the jet exit inside the secondary shear layer, and another beyond the end of the potential
core. By further reducing the velocity ratio one could observe that almost all of the dominant high
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and low frequency sources are now aggregated in the region of 7 < y/Ds < 11, and 0.1 < r/Ds < 0.8.
The effect of the area ratio is also interesting since it changes the length of the potential cores, and
therefore the strength of the sources in the primary and the secondary shear layers. Regarding the
effect of temperature, one could deduce that the downstream source region becomes more compact as
temperature increases. It is also possible to see that some new sources appear, which are believed to
be associated with the density variation.
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